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The  integration  of  grid-connected  PV  systems  into  buildings  or  public  areas  is  one  of  the  most  usual 
applications  of  the  photovoltaic  solar  energy  in  developed  countries  and  it  is  being  highly  promoted 
by  several  European  governments.  In  this  paper  it  has  been  evaluated  the  photovoltaic  potential  of  the 
Campus  of  the  University  ofjaen  and  it  has  been  defined  possible  areas  where  the  PV  systems  could  be 
installed  according  to  power  requirements,  space  possibilities,  the  electrical  configuration  of  the  Campus 
and  some  social  integration  requirements  too.  The  definition  of  the  PV  potential,  together  with  a  technical 
analysis  for  the  calculation  of  the  energy  generated,  is  the  previous  step  for  carrying  out  an  economic  and 
cost  analysis  in  order  to  certify  the  profitability  of  these  systems  in  general,  particularizing  the  study  for 
the  case  of  this  University  located  in  Southern  Spain.  The  PV  electricity  cost  generated  has  been  calculated 
through  the  concept  levelised  cost  of  electricity  (LCOE),  where  in  our  case  is  estimated  to  be  around 
0.1 3-0.14  €  kWh-1.  The  results  obtained  in  this  economic  analysis  recommend  the  implementation  of 
PV  grid-connected  systems  (PVGCS)  as  the  internal  rate  of  return  reaches  a  maximum  value  of  6.21%,  the 
net  present  value  is  positive  and  the  discounted  payback  time  is  around  16  years.  An  additional  sensitive 
analysis  shows  the  influence  that  some  parameters  have  on  the  LCOE,  specially  the  initial  investment, 
the  energy  yield  and  the  nominal  discount  rate. 

©  2011  Elsevier  Ltd.  All  rights  reserved. 


Contents 


1.  Introduction . 4310 

2.  Technical  analysis . 4311 

2.1.  Definition  of  potential  PV  locations . 4311 

2.2.  Energy  analysis  of  the  selected  areas . 4312 

3.  Economic  and  cost  analysis . 4314 

3.1.  Calculation  methods . 4314 

3.2.  Calculation  of  parameters . 4315 

3.3.  Sensitivity  analysis . 4316 

4.  Results  and  conclusions . 4316 

Acknowledgements . 4318 

Appendix  A.  Terminology . 4318 

References . 4318 


1.  Introduction 

The  integration  of  grid-connected  PV  systems  into  buildings  or 
public  areas  is  one  of  the  most  usual  applications  of  the  photovoltaic 
solar  energy  in  developed  countries  [1,2]. 
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Moreover,  in  the  Spanish  legislative  framework,  with  the  appli¬ 
cation  of  the  Royal  Decree  1 578/2008,  it  is  recognized  the  benefits  of 
Building  Integrated  Photovoltaic  (BIPV)  systems,  not  only  because 
they  do  not  increase  the  land  occupation  but  the  advantages  of  the 
distributed  electricity  generation  as  well  as  their  contribution  to  a 
social  spreading  of  renewable  energies  [3].  Apart  from  the  promo¬ 
tion  of  BIPV  systems  in  Spain,  the  main  reason  of  this  Decree  was  to 
rationalize  the  deployment  of  PV  in  Spain  and  to  control  the  impact 
of  the  feed-in  tariff  in  the  national  economic  situation. 
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According  to  the  previous  law,  the  Royal  Decree  661  / 2007  from 
2007  [4],  the  RD  1578/2008  implied  a  30%  reduction  of  the  feed-in 
tariff  and  further  progressive  cuts,  which  could  reach  10%  annually. 
Likewise,  it  established  three  installation  types:  type  1.1:  systems 
on  top  of  buildings  with  a  power  limit  of  20  kW;  type  1.2:  systems  on 
top  of  buildings  with  more  than  20  kW  of  power  and  a  limitation  of 
2  MW  and  type  II:  systems  on  undeveloped  areas  with  a  limitation 
of  10  MW.  Also,  it  was  established  a  power  cap  of  500  MW  in  2009 
and  a  similar  one  for  the  following  two  years.  The  feed-in  tariffs 
approved  for  the  first  quarter  of  the  year  2011,  to  be  paid  over  25 
years,  were:  type  1.1:  0.3135€  kWh-1 ;  type  1.2:  0.2788€kWh_1 
and  type  II:  0.251 7  €  kWh"1. 

Lately,  in  September  2010  and  due  to  the  economic  situation 
of  the  country,  the  Spanish  feed-in  tariff  regime  was  modified  for 
those  systems  not  gathered  in  the  201 1  first  quarter  registry.  The 
Royal  Decree  1 565/2010,  apart  from  further  promoting  PV  systems 
integrated  in  buildings,  either  on  facades  or  on  top  of  roofs,  implies 
an  additional  reduction  in  feed-in  tariffs  of  5%  for  installations  of 
type  1.1,  25%  for  type  1.2  and  45%  for  type  II  [5]. 

The  feed-in  tariff  for  the  projects  that  have  been  inscribed 
in  the  second  quarter  of  the  year  2011  is  approximately  of 
0.2888  €  kWh-1  for  the  small  systems  on  roof,  0.2037  €  kWh-1 
for  the  type  1.2  (above  20  kW)  and  0.1345  €  kWh-1  for  systems 
installed  on  the  ground  [6]. 

Additionally,  a  new  Royal  Decree-law  (RD  14/2010),  from 
December  2010,  limits  the  energy  entitled  to  the  feed-in  tariff,  as 
it  fixes  the  number  of  hours  of  operation,  according  to  the  type  of 
installation  -  fixed,  one-axis  and  two-axis  tracking  -  and  the  cli¬ 
matic  zone  established  by  the  Spanish  Building  Technical  Code  law 
[7,8]. 

Therefore,  prospective  owners/investors  are  concerned  for  any 
further  modification  of  the  present  regulatory  framework,  such  as 
the  financial  incentives,  the  number  of  hours  of  operation  and  the 
years  entitled  to  the  feed-in  tariff  as  it  may  affect  the  profitability 
and  cost  of  the  Photovoltaic  Grid-Connected  Systems  investment, 
hence  an  economical  and  cost  analysis  of  the  PVGCS  on  buildings 
to  ascertain  the  influence  of  the  new  regulatory  framework  on  the 
PVGCS’s  profitability  and  cost  is  demanded. 

In  this  paper  it  has  been  evaluated  the  photovoltaic  potential 
of  the  Campus  of  the  University  of  Jaen  and  it  has  been  defined 
possible  areas  where  the  PV  systems  could  be  installed  according 
to  power  and  space  requirements,  the  electrical  configuration  of 


the  Campus  and  its  social  integration  too.  The  analysis  of  the  PV 
potential  is  the  previous  step  to  carry  out  a  cost  and  economic  anal¬ 
ysis  for  implementing  this  photovoltaic  grid-connected  integration 
according  to  the  new  regulatory  framework  in  Spain. 

Because  of  the  characteristics  of  the  facilities  of  the  Campus  of 
the  University,  the  PV  systems  will  be  installed  on  the  building 
rooftops,  parking  lots  or  facades;  therefore,  the  technical  analysis 
will  include  a  complex  shading  study.  The  methods  for  the  eco¬ 
nomic  analysis  used  in  this  paper  are  the  net  present  value  (NPV), 
the  discounted  payback  time  ( DPBT )  and  the  net  internal  rate  of 
return  (IRRn ).  Regarding  the  cost  analysis,  it  has  been  focused  on  the 
estimation  of  the  electricity  cost  production  through  the  concept: 
levelised  cost  of  electricity  (LCO£),  so  this  result  can  be  compared 
with  other  sources  of  electricity  generation. 

2.  Technical  analysis 

The  University  of  Jaen  campus  is  the  location  chosen  to  carry 
out  the  technical  analysis  that  will  be  used  as  base  case  to  show  the 
economical  and  costs  results  for  PV  grid-connected  systems. 

The  campus  (Fig.  1)  is  located  in  Southern  Spain  (37.73N  and 
3.67W)  and  the  average  annual  radiation  in  this  area  is  favourable 
for  the  installation  of  PV  grid-connected  systems,  both  in  ground 
or  building  integrated. 

The  technical  analysis  starts  from  the  identification  of  poten¬ 
tial  areas  where  the  PVGCS  ensure  that  the  Spanish  law  is  upheld 
among  other  aspects,  and  subsequently  it  is  analyzed  each  area  in 
order  to  study  its  profitability  in  energy  terms. 

2.2.  Definition  of  potential  PV  locations 

A  first  criterion  to  identify  suitable  areas  for  the  PV  systems  is 
the  grid-connection  characteristics  of  the  Campus,  so  an  analysis  of 
the  electrical  grid  of  the  University  will  allow  us  to  identify  possible 
points  of  connection  to  the  existing  electrical  grid. 

The  maximum  power  demand  goes  up  to  3200  kW,  while  the 
annual  consumption  of  electricity  reaches  around  6500  MWh.  This 
energy  is  transferred  by  a  local  electrical  grid  made  up  of  a  high- 
voltage  ring  network  that  interconnects  five  transformer  stations, 
which  belong  to  the  University,  that  supply  low-voltage  electricity 
to  all  the  University  facilities. 


Fig.  1.  Aerial  picture  of  the  University  of  Jaen  Campus. 
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Fig.  2.  Areas  analyzed  according  to  electrical  determinants. 


According  to  the  Spanish  law,  it  is  compulsory  to  inject  the 
energy  generated  in  points  out  of  the  user’s  property,  so  the  connec¬ 
tion  points  mean  a  legal  restriction  that  can  limit  the  potential  areas 
of  photovoltaic  interest.  This  is  a  determining  factor  in  order  to 
benefit  from  the  feed-in  tariff  established  in  the  Spanish  regulatory 
framework. 

After  analyzing  the  distribution  of  the  electrical  grid  and  the 
locations  of  the  transformer  stations  that  are  property  of  the  Uni¬ 
versity  and  those  owned  by  the  local  Electricity  Company,  the 
Campus  has  been  divided  into  four  different  PV  potential  areas,  as 
it  can  be  observed  in  Fig.  2. 

The  study  of  the  electrical  configuration  of  each  area  proposed 
has  to  be  combined  with  space  availability  requirements,  the  use¬ 
fulness  of  the  selected  zones  besides  taking  into  account  the  future 
urban  development  of  the  Campus. 

A  first  approximation  estimates  that  Area  3  has  to  be  rejected 
in  the  short-term  analysis,  mainly  because  the  PV  electricity  gener¬ 
ated  has  to  be  used  for  self-consumption  as  it  does  not  exist  external 
connection  points  where  the  energy  generated  could  be  injected. 
Furthermore,  it  exits  a  great  uncertainty  related  to  the  urban  devel¬ 
opment  in  this  area,  as  it  will  be  the  zone  dedicated  to  the  future 
expansion  of  the  campus. 

Among  the  locations  defined,  in  a  preliminary  study  Areas  1 
and  4  are  the  most  suitable  places  for  this  project  because  they 
have  some  eases  for  the  evacuation  of  the  electricity  generated 
so,  at  first  glance,  these  areas  are  more  proper  to  set  a  PV  system. 
In  their  proximity  there  are  several  transformer  stations  property 
of  Sevillana-Endesa,  the  local  Electricity  Company,  so  it  could  be 
possible  to  connect  the  PV  systems  in  low-voltage,  facilitating  the 
administrative  procedure  that  the  University  must  accomplish. 

The  evacuation  of  the  electricity  generated  in  Area  2  should  be 
made  in  high-voltage  because  there  are  not  transformer  stations 
in  its  proximity.  To  inject  the  electricity  generated  by  PV  sources 


in  high-voltage  is  an  alternative  possibility  that  is  allowed  in  the 
Spanish  laws. 

It  has  been  highlighted,  through  the  help  of  satellite  photogra¬ 
phy,  all  the  feasible  areas  to  install  a  PV  system  in  the  campus, 
as  it  is  shown  in  Fig.  3.  In  this  prior  identification  phase,  it  has 
been  rejected  those  places  where  clearly  it  means  a  problem  due  to 
shadows  or  bad  orientation  and  leaning.  This  satellite  photography 
allows  us  to  distribute,  in  a  preliminary  way,  the  modules  on  the 
surfaces  of  some  of  the  locations. 

2.2.  Energy  analysis  of  the  selected  areas 

Once  it  has  been  defined  the  potential  areas,  an  energy  analysis 
of  the  selected  zones  it  is  suitable  in  order  to  calculate  the  electricity 
supplied  by  these  PV  systems. 

This  research  has  been  carried  out  through  the  use  of  two  dif¬ 
ferent  tools.  First  of  all,  the  orthopicture  tool  has  been  used  in 
order  to  obtain  an  accurate  topographic  uplifting  of  the  buildings, 
parking  lots,  vegetation  and  other  elements  of  the  campus.  This 
tool  gathers  under  the  same  system  real  pictures  (satellite  images) 
with  geometric  properties  similar  to  the  one  offered  by  traditional 
cartography,  allowing  us  to  measure  angles  and  distances. 

As  noted  in  the  previous  section,  it  is  necessary  to  study  the 
shadows  in  a  deeper  way,  so  for  this  reason  it  is  used  a  second  tool, 
the  so-called  “PV-Syst™”  software,  which  is  a  commercial  tool  for 
the  estimation  of  the  electricity  produced  by  PV  systems.  With  the 
help  of  the  orthopicture  and  the  preliminary  distribution  of  the  PV 
modules,  it  is  possible  to  design  an  accurate  system  that  will  be 
able  to  simulate  and  obtain  the  annual  PV  electricity  generated  by 
the  system  ( EPV ),  expressed  in  kWh  year-1,  of  a  specific  location. 

The  commercial  software  PV-Syst™  not  only  allows  us  a  com¬ 
plete  analysis  of  the  PV  potential,  but  it  is  also  a  powerful  tool  to 
recreate  the  scene  of  the  buildings,  the  PV  system  and  its  surround- 
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Bing™. 


Fig.  3.  Initial  definitions  of  potential  PV  areas  according  to  urban  development  limitations. 


Bing™  and  PV-Syst™. 


Fig.  4.  Simulation  with  a  professional  software. 


ings  too,  as  it  is  shown  in  Fig.  4.  In  this  way,  we  can  estimate  the  EPV 
taking  into  account  possible  shades  among  them.  The  acquisition 
of  the  dimensions  of  the  buildings  and  its  real  position,  through 
the  orthopicture  tool,  it  has  allowed  us  to  deeply  study  the  energy 
losses  caused  by  different  shadows  (surroundings  or  self-shading). 

The  energy  results  obtained  in  the  studies  are  gathered  in 
Table  1,  where  it  is  shown  the  annual  PV  electricity  yield  (Y), 
expressed  in  kWh  kWp-1  year-1.  With  this  data,  and  the  power  of 
each  location  it  is  possible  to  calculate  the  electricity  generated  by 
means  of  the  future  PV  systems,  which  it  will  be  approximately  the 


25%  of  the  annual  electricity  consumption  of  the  University.  This 
data  can  convert  the  University  of  Jaen  in  an  international  refer¬ 
ent  and  an  example  of  how  to  accomplish  the  European  Directive 
2009/28/CE  that  settles  that  20%  of  the  electricity  consumption  in 
Europe  has  to  be  supplied  by  renewable  energy  sources  by  2020 
[9]. 

Areas  1  and  4  are  the  nearest  places  to  the  transformer  stations 
of  the  Electricity  Company.  Firstly,  the  sport  facilities  located  in 
Area  4  offers  a  wide  extension  to  place  different  PV  generators.  The 
possible  PV  systems  are  only  limited  by  the  transformer  stations  of 


Table  1 

Technical  analysis  summary. 


Potential  areas 

Location 

Power  PV  (kWp) 

PV  electricity  yield  (kWh  kWp-1  year-1 ) 

Area  1  (southern  campus) 

A4  building 

101 

1526 

Southern  parking  lot 

367 

1379 

Area  2  (northern  campus) 

D-2  building 

55 

1509 

D-3  building 

91 

1531 

Northern  parking  lot 

398 

1391 

Area  4  (sport  facilities) 

Soccer  field  pergola 

110 

1503 

Pitch 

40 

1489 

69 

1497 

Sports  hall  Roof 

74 

1439 
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Fig.  5.  PV  integration  on  top  of  the  A4  roof  building. 

Bing™. 

the  electricity  company,  as  it  could  only  be  possible  to  install  up 
to  220  kWp  (two  systems  of  lOOkW  of  inverter’s  power)  because 
of  legal  constrains.  The  roof  of  the  sports  hall  and  the  integration 
ofall3mx4mPV  pergola  are  the  candidates  for  each  of  the  sys¬ 
tems,  although  we  have  included  all  the  possible  systems  in  order 
to  widen  up  our  economic  and  cost  research. 

The  parking  lot  of  Area  1,  which  is  partially  dedicated  to  the 
UNIVER  project  [10],  has  a  large  remaining  extension  to  install  addi¬ 
tional  PV  modules,  up  to  367  kWp.  Another  intervention  in  this  area 
is  the  one  designed  on  the  roof  of  building  A4,  where  it  can  be 
installed  perfectly  oriented  and  tilted  about  100  kWp  (Fig.  5). 

It  is  necessary  to  highlight  that  the  buildings  and  parking  lots 
located  in  Area  2  has  been  analyzed  in  energy  terms  but  they  have 
been  rejected  for  the  economic  and  cost  analysis  mainly  because  in 
order  to  inject  the  energy  to  high-voltage  it  is  necessary  the  creation 
of  a  new  transformer  station.  The  extra  elements  for  its  construction 
and  the  bureaucracy  of  the  local  and  national  administration  will 
give  extra  complexity  to  the  research  presented  in  this  paper  and 
it  is  out  of  the  scope  of  our  research. 

3.  Economic  and  cost  analysis 

Once  it  has  been  done  the  technical  analysis,  it  is  suitable  to 
undertake  the  proper  economic  and  cost  analysis  in  each  case  iden¬ 
tified  in  the  previous  section  in  order  to  get  information  about  the 
economic  profitability  of  the  PVGCS  on  buildings,  and  additionally 
to  calculate  the  electricity  cost  production  of  the  life-cycle  of  the 
systems  studied. 

3.1.  Calculation  methods 


to  the  investment  [11].  Therefore,  the  parameter  NPV  equals  the 
present  worth  of  the  cash  inflows  from  the  system  ( PW[CIF(N )]) 
minus  the  life-cycle  cost  from  the  user  standpoint  ( LCCusp ).  Thus  it 
can  be  written,  in  general,  as  follows: 

NPV  =  PW[CIF(N)]  -  LCCusp  (1 ) 


The  NPV  provides  us  the  total  net  profit  updated  to  the  ini¬ 
tial  moment.  Obviously,  a  PVGCS  should  be  viewed  favourably  if 
NPV  >  0. 

The  present  worth  of  the  cash  inflows  from  the  system  may  be 
written: 

KPU{  1  -JC£{f) 

PW[CIF(N)]  =  pu  x  En  x  *7  pu>  (2) 

1  -  Kpu 

where  pu  is  the  average  unitary  price  per  kWh  to  be  paid  to 
(which  means  selling  PV  electricity)  or  saved  by  the  owner 
(€  kWh-1), which  means  PV  electricity  consumption.  Epy  is  the 
annual  PV  electricity  generated;  N  is  the  life  of  the  PVGCS  (years) 
and  I<pu,  which  is  a  parameter  used  to  simplify  the  previous  equa¬ 
tion,  can  be  expressed  as  follows: 


Kpu  = 


1  +  EpU 

1  +  d 


where  d  is  the  nominal  discount  rate  and  the  factor  spu  is  the  annual 
increase  rate  of  the  PV  electricity  unitary  price  paid  to  or  saved  by 
the  owner.  The  actual  discount  rate  (da)  is  derived  from  the  nominal 
discount  rate  by  applying  the  following: 


where  g  is  the  annual  inflation  rate. 

In  the  net  present  value  expression  (Eq.  (1)),  the  parameter 
LCCusp  is  the  sum  of  the  present  worth  of  the  initial  user  invest¬ 
ment  of  the  photovoltaic  system  ( PW[PVuin],  in  € )  plus  the  present 
worth  of  the  operation  and  maintenance  cost  (PW[PV0mL  in  €): 


LCCusp  =  PW[PVUIN ]  +  PW[PV0M  ] 


In  order  to  calculate  the  initial  investment  of  the  PV  system 
it  is  suitable  to  define  some  parameters.  Firstly,  it  is  considered 
that  PV/jv  (€)  is  the  initial  investment  on  the  photovoltaic  system, 
while  PVIS  (€)  is  stated  as  the  initial  investment  subsidy,  therefore 
PV/jv  -  PVIS  is  the  quantity  to  be  paid  by  the  owner.  However,  this 
amount  may  be  financed  partially  with  a  low-interest  loan  while 
the  rest  is  financed  by  using  the  capital  of  the  owner.  This  means 
that  part  of  this  amount  is  borrowed  at  an  annual  loan  interest  i/ 
and  loan  term  N/  (years),  while  the  remaining  part  of  this  amount 
is  financed  with  own  capital,  so  that  the  annual  retribution  for  the 
own  capital  is  given  in  form  of  dividends  (dz)  and  amortized  at  the 
end  of  the  life-cycle  of  the  system. 

If  PVqc  (€)  is  the  portion  of  the  initial  investment  financed  with 
own  capital,  the  present  worth  of  the  initial  user  investment  of  the 
photovoltaic  system  PW[PVuin]  can  be  written  as 

PW[PVUIN}  =  ((PVIN-PV,s-PVoc)  X  i,  X  '  xq(™f } 

V  (i  +  h)  -  i  i  -  Q 


The  methods  for  the  economic  analysis  used  in  this  section  are 
the  net  present  value  (NPV),  the  discounted  payback  time  (DPBT) 
and  the  net  internal  rate  of  return  (/RRn).  Some  expressions,  as  well 
as  definitions  used  to  calculate  the  NPV,  DPBT,  and  IRRn  in  our  work,  where  the  factor  q  is  related  with  the  discount  rate: 
will  be  shown  hereafter. 

The  net  present  value  (NPV,  in  €)  of  an  investment  project  is  _  1 

the  sum  of  present  values  of  all  cash  inflows  and  outflows  related  1  +  d 


(d/  x  PV0c)  x 


q(i 


qN) 


1  -q 


+  PVoc 
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Concerning  to  the  present  worth  of  the  operation  and  main¬ 
tenance  cost  PW[PV0m ],  it  can  be  calculated  using  the  following 
expression: 

(  Kw{\  -Kj*  )\ 

PW[PV0M ]  =  (  PVA0M  X  ^  )  (8) 


where  PVA0M  is  the  annual  operation  and  maintenance  cost  and  it 
is  equal  to  0.01  PVm  [12].  I<pv  is  calculated  by: 


I<pv  = 


1  +  ZpVOM 


1  +  d 


where  the  factor  Spvom  is  the  annual  escalation  rate  of  the  operation 
and  maintenance  cost  of  the  PV  system. 

Then,  the  net  present  value  ( NPV )  may  be  re-written,  bearing  in 
mind  Eq.  (1),  as  follows: 


NPV  =  PW[CIF(N)]  -  PW[PVUIN]  -  PW[PV0M]  (10) 


The  payback  time  of  a  project  (more  properly,  the  discounted 
payback  time,  DPBT)  is  the  required  number  of  years  (PB)  for  the 
present  worth  of  the  inflows  to  equal  the  present  worth  of  the  out¬ 
flows.  Obviously,  profitability  means  that  the  discounted  payback 
time  should  not  exceed  the  service  life  of  the  photovoltaic  system 
(. DPBT<N ).  Although  easily  understandable  and  straightforward, 
this  parameter  does  not  consider  the  cash  flows  that  are  produced 
after  the  DPBT.  Hence,  it  might  hide  sound  financial  opportunities 
for  those  deciding  to  invest  on  a  PV  system  [13]. 

The  expression  used  to  calculate  the  years  of  the  discounted 
payback  time  is: 

PW[CIF{PB)]  >  LCCUSP(PB )  (11) 


Another  method  used  in  the  economical  analysis  is  the  internal 
rate  of  return  ( IRR ).  The  meaning  of  the  IRR  in  an  investment  project 
is  the  value  of  the  discount  rate  that  leads  to  NPV=  0.  According  to 
Eq.  (1),  this  means: 


NPV  =  PW[CIF(N)]  -  LCCjjsp  =  0 


(12) 


For  a  given  project,  the  IRR  equals  the  actual  interest  rate  at 
which  the  project  initial  investment  should  be  lent  during  its  use¬ 
ful  life  to  achieve  the  same  profitability  [14].  From  an  economic 
point  of  view,  the  PV  system  should  be  accepted  if  the  IRR  exceeds 
a  profitability  threshold  fixed  by  the  future  owner.  In  this  sense, 
this  parameter  is  very  important  for  the  investor  since  it  provides 
a  meaningful  estimation  of  the  return  of  its  investment. 

The  net  internal  rate  of  return  ( IRRn ),  is  the  value  of  da  that  makes 
NPV=  0: 


0  =  PW[CIF(N)]  -  PW[PVUIN]  -  PW[PV0M ]  (13) 

The  internal  rate  of  return  (IRR)  is  derived  from  the  net  IRR  by 
using  the  formula: 

IRR  =  IRRn  +  WACC  (14) 

where  the  weighted  average  cost  of  capital  (WACC)  refers  to  the 
cost  that  the  owner  of  the  PVGCS  must  pay  for  using  the  available 
financial  resources  to  finance  the  initial  investment. 

In  this  paper,  the  net  internal  rate  of  return  has  been  used 
because  it  provides  the  owner  or  investor  with  a  net  measure  of 
the  return  of  the  investment.  In  other  words,  IRRn  derived  from  Eq. 
(13)  takes  into  account  the  WACC  to  finance  the  initial  investment. 

Any  PVGCS  is  economically  feasible,  from  a  profitability  point 
of  view,  when  the  following  circumstances  occur:  NPV>  0  and 
IRRn  >  WACC. 

Regarding  the  cost  analysis  done,  it  has  been  focused  on  the 
estimation  of  the  electricity  cost  production  through  the  concept: 
levelised  cost  of  electricity  ( LCOE ),  or  levelised  electricity  cost  (. LEC ) 
depending  on  some  authors,  which  can  be  defined  as  the  cost,  in 


current  monetary  units,  of  a  unit  of  electricity  produced  by  a  given 
system  [15].  This  cost  is  levelised  in  real  money  and  is  constant  over 
the  whole  lifetime  of  the  system. 

The  essential  economic  concept  for  the  photovoltaic  grid- 
connected  systems  is  that  its  cost  should  be  recovered  by  the  useful 
energy  it  produces  over  its  life  time,  the  levelised  cost  of  electricity 
can  be  estimated  taking  into  account  the  cumulate  system  costs 
divided  by  the  energy  produced  over  its  lifetime,  as  it  is  shown  in 
the  following  equation: 


LCOE  = 


_ LCCusp _ 

J2n=lEpv/( 1  +d)n 


(15) 


This  factor  that  can  be  used  to  compare  PV  technology  with  other 
energy  sources,  both  renewable  and  conventional. 


3.2.  Calculation  of  parameters 

A  review  of  some  typical  figures  for  the  parameters  that  are 
involved  in  the  calculation  of  the  IRRn ,  NPV ,  DPBT  and  LCOE  will  be 
carried  out  in  this  section.  This  review  will  lead  to  state  the  value 
of  the  parameters  for  each  location  of  the  PV  systems  described  in 
the  technical  analysis. 

The  first  parameter  needed  for  the  calculations  of  the  previous 
section  is  the  annual  PV  electricity  yield  (V),  has  been  obtained  in 
the  technical  analysis  section  (see  Table  1 ),  taking  into  account  that 
the  most  usual  configuration  of  the  BIPV  is  fixed  flat-plate  module. 

According  to  the  economic  parameters  described  in  Section  3.1, 
the  representative  initial  investments  (PVIN)  per  kWp  in  PV  grid- 
connected  systems  are  shown  in  Table  2  for  different  European 
countries  [  1 6].  It  is  outstanding  that  in  2009  a  decrease  cost  ranging 
from  20  to  40%  was  undergone  when  compared  to  2008  [17-20] 

Regarding  the  PV  electricity  unitary  price  per  kWh  (pu),  this 
parameter  is  fixed  by  the  Spanish  Decree  RD1 565/2010,  where  it 
sets  a  value  of  0.2037  €  kWh-1  for  PVGCS  installed  on  buildings. 
Apart  from  the  unitary  price,  the  annual  increase  rate  of  the  PV  elec¬ 
tricity  unitary  price  (spu)  paid  to  the  owner  is  fixed  by  the  Spanish 
Royal  Decree  661/2007.  According  to  the  text,  spu  is  equal  to  the 
inflation  rate  (g)  minus  0.5  point,  so  reviewing  the  averages  of  his¬ 
torical  data  for  Spain  in  the  period  [21  ],  it  can  be  assumed  a  value 
for  the  inflation  rate  ofg=3.3%,  therefore,  the  annual  increase  rate 
can  reach  a  value  of  spu  =  2.8%. 

In  the  case  of  the  initial  investment  subsidy  (PV/S),  some  coun¬ 
tries  provide  capital  subsidies  ranging  from  10  to  50%  of  the  initial 
investment  [22],  but  this  is  not  available  in  Spain  any  longer,  so  in 
our  research  PVIS  is  assumed  equal  to  0%.  Consequently,  the  initial 
investment  [PVIN)  has  to  be  paid  by  the  owner. 

This  amount  may  be  financed  with  low-interest  loans  or  mixed 
financing,  composed  of  a  low-interest  loan  and  own  capital,  which 
it  is  the  option  considered  in  this  paper.  It  has  been  assumed  that 
80%  of  this  amount  is  borrowed  at  an  annual  loan  interest  i/  and  loan 


Table  2 

Indicative  installed  PVGCS  prices  per  Wp  in  various  countries  in  2009. 


Country 

PVGCS  <  1 0  kW  (€  kWp-1 ) 

PVGCS  >  10  kW(€kWp~1 

Austria 

4.0-5. 6 

3.4-5. 6 

Denmark 

2. 7-5.4 

2. 7-6.7 

Germany 

3.0-4.3 

2. 8-3. 8 

France 

5.0-5. 5 

2. 5-4.5 

UK 

6.5-7.2 

6.3-7. 1 

Italy 

4.0-5.0 

3.0-4.5 

Norway 

6.8-9. 1 

- 

Portugal 

5.0-6.0 

4.0-5.0 

Spain 

3.2-46 

3.0-4.3 

Sweden 

7.1 

4.4 

Ref.  [16]. 

Note :  Tracking,  VAT  and  sales  taxes  excluded. 
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Table  3 

Assumed  values  for  each  parameter  in  the  different  locations. 


Potential  areas 


Location 


Parameters 


[PV/jv]kwp  (€  kWp-1 )  pu  (€  kWh-1 )  epu  (%)  Low-interest  loan  d,-  (%)  <5  (%) 


U  (%)  Ni  (years) 


Area  1  (southern  campus) 

A4  building 

Southern  parking  lot 

2600 

2500 

Soccer  field  pergola 

2600 

Area  4  (sport  facilities) 

Pitch 

2600 

2600 

Sports  hall  Roof 

2600 

0.2037  2.8  4  15  4  30 


term  Nt.  The  remaining  investment  amount,  20%,  is  contributed 
with  own  capital  ( PV0c ),  so  that  the  annual  retribution  is  given  in 
form  of  dividends  (dz  )  and  amortized  at  the  end  of  the  life-cycle  of 
the  system.  The  values  considered  for  the  financial  analysis  are: 
annual  loan  interest  it  =  4%,  the  loan  term  N/  =  15  years,  and  the 
dividends  rate  is  assumed  d,-  =  4%  [16,21]. 

There  are  different  taxation  systems  according  to  the  regulations 
of  each  country.  Several  tax  coefficient  (<$)  values,  ranging  from  0% 
up  to  40%,  may  be  found  in  the  literature  [23].  In  order  to  estimate 
the  taxes,  this  coefficient  has  been  applied  to  the  cash  inflow  from 
the  PVGCS,  once  the  current  asset  amortization,  the  interest  pay¬ 
ments  of  the  loan,  and  the  operation  and  maintenance  cost  of  the 
PVGCS  are  deducted.  The  asset  amortization  has  been  considered 
linear  over  the  life  cycle  of  the  PVGCS  and  it  has  been  excluded  from 
taxation  as  mentioned  above.  The  value  tax  coefficient  is  assumed 
to  be  8  =  30%. 

To  summarise  the  previous  analysis,  the  figures  chosen  and 
assumed  for  every  factor  that  define  each  photovoltaic  system  are 
gathered  in  Table  3. 

Others  assumptions  have  been  made  in  our  calculations: 

•  The  serviceable  life  of  the  system  (N)  is  always  assumed  equal  to 
25  years. 

•  The  annual  PV  electricity  yield  generated  by  the  system  is 
assumed  to  decrease  every  year  by  0.8%  [11]. 

•  The  nominal  discount  rate  (d)  is  assumed  equal  to  the  WACC 
in  order  to  calculate  the  LCOE.  This  WACC  will  vary  depending 
on  how  the  financial  resources  are  chosen  to  finance  the  initial 
investment.  In  our  case  the  WACC  is  equal  to  3.26%. 

•  Annual  escalation  rate  of  the  operation  and  maintenance  cost 
(ppvom)  is  assumed  equal  to  the  value  of  the  annual  inflation  rate 
3.3%. 

Solving  the  equations  presented  in  Section  3.1  together  with  the 
figures  shown  in  Tables  2  and  3,  it  has  been  estimated  the  IRR,  IRRn, 
NPV ,  DPBT  and  LCOE  for  each  PVGCS  considered. 

3.3.  Sensitivity  analysis 

Previous  sensitivity  analysis  of  the  parameters  studied  above, 
such  as  NPV ,  DPBT  and  IRR,  made  by  different  authors  [24],  show 
that  the  variation  of  some  factors  involved  in  the  energy  generation 
such  as  the  annual  PV  electricity  yield,  as  well  as  some  financial 


parameters  like  PV  electricity  unitary  price,  initial  investment  or 
the  discount  rate,  can  have  a  great  impact  in  the  effect  of  NPV,  DPBT 
and  IRR  values. 

In  order  to  demonstrate  the  influence  on  the  LCOE  caused  by  pos¬ 
sible  changes  in  the  value  of  some  of  the  factors  mentioned  above 
(PV/jv,  EPV  and  d),  a  sensitivity  analysis  has  been  made  in  the  possible 
PV  system  located  in  the  A4  building  (Area  1,  Southern  Campus). 
In  this  scenario,  it  has  been  defined  a  base  case,  with  the  param¬ 
eters  shown  in  Tables  1  and  3.  This  base  case  is  the  starting  point 
for  studying  the  deviations  of  the  LCOE  as  function  of  the  varia¬ 
tions  in  the  values  of  the  factors  that  define  this  base  case.  Then, 
an  analysis  concerning  the  sensitivity  of  the  PVGCS  levelised  cost 
of  electricity  for  this  scenario  will  be  carried  out,  following  the  way 
that  has  been  paved  by  some  valuable  contributions  in  similar  fields 
[25,26]. 

4.  Results  and  conclusions 

Future  owners  and  potential  investors  of  PV  grid-connected  sys¬ 
tems  demand  valuable  information  about  the  profitability  of  their 
investment,  so  the  aim  of  this  document  if  to  provide  information 
about  the  main  profitability  indexes  of  PV  systems  integrated  on 
buildings. 

The  economic  and  cost  results  obtained  in  the  studies  are  col¬ 
lected  in  Table  4,  where  it  is  shown  a  summary  of  the  main 
profitability  indices  and  the  electricity  cost  production  to  the  life- 
cycle  of  each  of  the  PV  systems  installed  in  the  locations  analyzed. 

The  results  obtained  in  this  economic  analysis  recommend  the 
implementation  of  PVGCS  as  its  internal  rate  of  return  ranges  from 
5.57  to  6.21%,  the  net  internal  rate  of  return  ranges  from  2.31  to 
2.95%,  it  has  a  positive  net  present  value  and  the  discounted  pay¬ 
back  time  ranges  from  1 6  to  1 7  years,  under  the  economic  scenario 
considered. 

According  to  the  cost  analysis,  the  results  of  the  LCOE  parame¬ 
ter  show  that  the  price  per  kWh  produced  with  photovoltaic  solar 
energy  is  between  0.1301  and  0.141  €  kWh-1  for  the  PV  systems 
and  scenario  proposed  in  this  research,  so  it  is  clear  that  electricity 
generated  with  PV  sources  will  soon  reach  a  competitive  value. 

In  the  case  of  the  sensitivity  analysis  carried  out  in  a  specific 
building  (A4,  southern  location),  it  is  outstanding  the  influence 
that  some  parameters  have  on  the  LCOE  for  this  technology.  For 
example,  a  decrease  in  the  initial  investment  is  proportional  with  a 
cheaper  LCOE  as  it  is  shown  in  Fig.  6.  According  to  recent  economic 


Table  4 

Economic  analysis  results. 


Location 

NPV  (€) 

IRRn  (%) 

IRR  (%) 

DPBT  (years) 

LCOE  (€ /kWh) 

A4  building 

86,244 

2.95 

6.21 

16 

0.1301 

Southern  parking  lot 

232,644 

2.31 

5.57 

17 

0.1410 

Soccer  field  pergola 

88,567 

2.79 

6.05 

16 

0.1310 

Pitch 

31,019 

2.69 

5.95 

16 

0.1320 

54,678 

2.75 

6.01 

16 

0.1308 

Sports  hall  roof 

49,544 

2.34 

5.60 

17 

0.1385 
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PV,n  (CkWp1) 

Fig.  6.  Evolution  of  the  LCOE  considering  different  initial  investments. 


data  [27],  the  decrease  in  PV  module  prices  could  set  a  positive 
trend  in  lowering  the  LCOE  for  this  technology. 

Fig.  7  is  directly  related  with  the  PV  technology  used  as  well  as  it 
optimal  inclination  and  orientation.  If  the  energy  yield  of  a  PV  sys¬ 
tem  is  higher,  it  means  that  LCOE  can  lower  down  exponentially,  so 
this  analysis  stands  for  a  right  and  proper  installation  of  PV  systems, 
using  the  most  efficient  modules  and  balance  of  system  devices. 

To  conclude  with  the  sensitive  case  analysis,  Fig.  8  has  been 
inserted  in  order  to  cover  all  the  possible  scenarios  that  the  present 
unstable  economic  situation  can  cause  in  potential  investments  in 
this  technology.  Variations  of  the  nominal  discount  rate  of  5%  (from 
d  =  2%  to  d  =  7%)  cause  that  the  LCOE  goes  from  0.1 2  €  kWfr1  to 
0.1 8  €  kWh-1  in  the  worst  case  analyzed. 


According  to  the  LCOE  results  obtained  and  taking  into  account 
the  trend  described  in  this  section,  the  energy  generated  by  means 
of  photovoltaic  technology  can  compete  in  the  short-midterm  with 
respect  to  other  sources  of  energy,  considering  the  economic  and 
geographical  scenario  proposed  in  this  paper. 

Apart  from  the  economic  results  and  cost  analysis,  the  tools 
shown  in  Section  2  can  settle  the  basement  of  a  more  complex  soft¬ 
ware  tool  useful  to  calculate  the  photovoltaic  potential  of  a  defined 
area. 

The  use  of  aerial  pictures  combined  with  advanced  cartographic 
tools,  such  as  the  orthopicture,  can  offer  a  realistic  vision  of  suitable 
locations  for  the  PV  systems  integration,  without  the  necessity  of 
being  physically  in  the  chosen  place. 


Fig.  7.  Dependence  of  the  LCOE  with  the  energy  yield  of  the  system. 
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Fig.  8.  Nominal  discount  rate  influence  in  the  LCOE. 


Moreover,  the  combination  of  cartographic  tools  with  commer¬ 
cial  software  such  as  PV-Syst  can  be  further  develop  to  build  a  more 
powerful  tool  that  will  be  able  to  simulate  and  accurate  calculate 
the  energy  generated  by  a  possible  PV  system  without  being  in  the 
place  or  reducing  to  the  minimum  the  traveling  expenses  for  the 
recognition  of  the  location. 
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Appendix  A.  Terminology 


d 

Nominal  discount  rate. 

da 

Actual  discount  rate. 

di 

Dividends  rate  (annual  retribution  rate  for  own  capital). 

DPBT 

Discounted  payback  time  (years). 

Epy 

Annual  PV  electricity  generated  (kWh year-1). 

g 

Annual  inflation  rate. 

U 

Annual  loan  interest. 

IRR 

Internal  rate  of  return. 

IRRn 

Net  internal  rate  of  return. 

I<pv 

(1  +£pvom)/(1  +d ). 

Kpu 

(1  +  epu)l(  1  +  d). 

LCCusp 

Life-cycle  cost  of  the  PVGCS  from  the  user  standpoint  (€). 

LCOE 

Levelised  cost  of  electricity  (€  kWh-1 ) 

N 

Useful  life  of  the  PVGCS  (years). 

Ni 

Time  duration  of  loan  (years). 

NPV 

Net  present  value  (€ ). 

PB 

Number  of  years  used  for  the  DPBT. 

Pu 

PV-electricity  unitary  price  paid  to/saved  by  the  user 
(€  kWh-1 ). 

PVaom 

PV,s 

PVIN 

PVoc 

PVGCS 

PW[CIF(N )] 

PW[PV0M ] 

PW[PVuiN ] 
Q 

WACC 

Y 


SPVOM 


Annual  operation  and  maintenance  cost  of  the  PVGCS  (€). 
Initial  investment  subsidy  (€). 

Initial  investment  on  the  PVGCS  (€). 

Initial  investment  financed  with  own  capital)  (€). 

Photovoltaic  grid-connected  system. 

Present  worth  of  the  cash  inflows  from  a  PVGCS  through  its 
useful  life  (€). 

Present  worth  of  the  PVGCS  operation  and  maintenance  cost 

(€). 

Present  worth  of  the  user  initial  investment  on  the  PVGCS  (€). 

1/(1  +  d). 

Weighted  average  cost  of  capital. 

Annual  electricity  yield  (kWhkWp-1  year-1 ). 

Annual  increase  rate  of  the  energy  price  consumed/sold 
from/to  the  grid. 

Annual  escalation  rate  of  the  operation  and  maintenance  cost 
of  the  PVGCS. 
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